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SUMMARY

Types of burner instability are enumerated and the role of standing
waves in buzznersis discussed. The status of the problem of flsme-driven
standing waves is reviewed and a one-dimensional flow theory giving the
meehsnism whereby a flame drives or damps a standing wave is presented.
h this theory, the reflection, transmission, and amplification of waves
passing through a flame region were determined from the continuity and
momentum equations. For the model considered, waves were found to pass
through the flame front with their velocity amplitudes unaltered so long
as the flame srea remained unchanged. A change in flame area acted as a
source of waves propagating simultaneously into the hot and cold gases ‘
on either side of the flsme zone.

1-2M

When the parameter
~~ ~02~

is unity (where ~ is average

inlet Mach number and T1/T2 the temperature ratio across the flame

zone), these waves are of equal ma~itude sad the &riving criterion is
that proposedby Rayleigh, namely, that for heat to drive a standing
wave, the heat input should maximize with time at a place where the
presswe linthe standing wave varies and at a time when the pressure is
near tts local maxim~ value.

1 - 2M0
For > 1, the flsme-generated wave passing into the)

hot gas

passing
d~ ing

- 2%
dominates and. for

{k” + z%
< 1, the flame-generated wave

into the cold gas dominates. Phase requirements for driving and
at these conditions are given.

!I!herole playedby a flue in a stading-wave system was examined
experimentally by measuring the ability of a flame to dsmp a standing
wave. Factors investigated were: fuel-air ratio, Ttiet gas temperate,

sound amplitude, inlet velocity, flsme-holder position, and flame srea
as a function of time.
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The percentage flame-area disturbance was found proportional to
percentage velocity disturbance entering the flame zone. The phase lag
of the area disturbance behind the velocity disturbance was found $

dependent upon flame-holder geo?netryand flame speed; in general, this
lag increased as the flame speed decreased.

2
The flame shape was strongly influenced by a radial component of E

the time-varying flow which appeared to follow a potential-flow velocity
distribution in the neighborhood of the flame holder. This radial com-
ponent of flow caused an initial growth of the disturbance in the flame
front until a position was reached such that normal flame pro~agation
caused these disturbances to undergo an apparent decay.

The one-dimensional theory seems adequately to explain the experi-
mental observations.

INTRODUCTION

In the field of jet-engine combustor research, burner instabilities
are frequently encountered. A brief description of these instabilities
is found in the names they have been given: in rockets, chugging and
screaming; in afterlmrners, rumbling and squealing; in ram Jets, rough

.

burning, resonance, pulsing, and whistlfig; even in Bunsen burners)
occasional buzzing.

In most cases a given combustor that exhibits one or more of these
instabilities can Ye modified by a number of trial-and-errormethods and
the instabilities eliminated within the design range of operating condit-
ions. For example, chugging rockets are quieted by increasing the pres-
sure drop across the injectors; squealing in afterburners is subdued by
increasing the velocity past the flame holders.

The art of combustor design in its present state allows the
desigmer, in most cases, to “cure” a specific burner of instabilitie~
when they arise but can in no way guarantee that a new design will be
free of them. Any of these instabilities can be extremely detrimental
to engine performance.

Fenn, Forney, and Garmon (reference 1) have identified three types
of instability found in ram-jet-typeburners. They, along with a number
of other investigators,have identified one type as resonance of the
standing-wave or organ-pipe type. There is further evidence that this
resonance can trigger other forms of instabilitythat involve fuel-
injection systems or supersonic diffusers.

.

In 18591 Rijke (reference 2) discovered a method of driving standing
waves by heat addition. Rayleigh (reference 3) and subsequently others
have postulated an explanation of the Rijke tones (references 4 and 5),
and have defined a criterion whereby flames (references 6 and 3) drive a
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.
standing wave. In general, this criterion for
by the periodic addition of heat has been that

. where the pressure in the stsnding wave varies
pressure is a msximum.

.

.

3

driving a standing wave
heat be added at a place
and at a time when the

So far no mechanism whereby this heat addition can drive or dsmp an
oscillation has been described in detail. An attenpt to do this is made
in the following theory of flame-driven standing waves derived at the
IJACALewis laboratoryby enploying one-dimensional flow equations to
deduce the laws governing the transmission, reflection, ad amplifica-
tion of waves that approach a flame front.

This point of view reveals the importsat parameters controlling the
ability of a flsme to drive or to damp an oscillation. The way these
parameters Tary in an actual flsme is exsmined e~erimentally lymeas-
ur~ingability of the flsme to damp a controlled @osed oscillation.

T13ZORYOF FIAME-DR32JEIJSTANDDX3WAWS

Presuppose the existence of a standing wave and consider the region
in a straight duct bounded on each end by a pressure loop at x = O and
x= L, as shown in fi~e 1. (All symbols are &X”fne3 in the appendix.)
The flane holder is located at ~ at which point there is a flame

region, assumed to be short compared with L. In the region Osx~~,

the gas is at temperature T1 and, in ~~x~L, at temperature T2.—
Assume the wave equation applies to these regions considered sepa+ely.
me boundary conditions connecting the two regions at ~ can now be

obtained from the continuity and momentwa equations.

Consider the magnified view of the flame zone in figure 2 where the
flue is shown anchored on a flane holder, and the zone 1 to 2 is consid-
ered incompressible. The velocity entering plane 1 is taken to be

and leaving plsne 2 to be

P
u~ = Uav Q + V2

P2 )

The instantaneous flsme area is

4-f=&+~ (2)
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so that
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U A=av %? % (3)

where /~ is flame speed; Uav, Uav PI P2, &v are mem values; VI,

V., and a are pertu.rbatio~j and A is the cross-sectional area of

tie duct.

Since the region between 1 and 2 is

AUl = A@f +

and

P.

incompressible,

Wf

ST

1

Au2=A.pfA# )
P2

where v-f is the volume of cold gas enveloped by the flame.

Fron equations (1) to (4),

(4)

(5)

In order to obtain the pressure relation across the flame zone,
consider the one-dimensionalmomentum equation for inviscid incompressible
flow:

la
= P2U22 - P2u~2 + ~~ (P~ulvf + p2”2vh)

(
avf avf

= p2u22 - ppf+ ; f’l”l at
— - P2U2 at

)
—+

(6)

N
I&’

Ui
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.

(7]

Where Vh is the volume between planes 1 and 2 having density P2 and

~h=(X2-X~)bvf

But from equations (1) to (4)

avf w~ aUav

m=-m=vl Asv
-—

Inserting equations (1) to (5) and (7) in equation (6) andneg-
lecting squares of perturbations gives the following expression for
equation (6):

Now

1 ( bplul

~vf~

can be shown from reference 7 to be

These terms represent variously the
in the cold and hot portions of the

ap2u2

)+ ‘h “~

approximately equ&l to

gradients in pressure and momentum
flame zone which have been asswed

short comp-red with wavelen~h and may be neglected.

Outside the flame zone the wave equation applies. For the cold
region (~~xf) considered separately (reference 7),

$[ , z all
3= ‘1 axz

the complete solution for which is

This is for no flow,
of sound in @~ J

where t is particle displacement, cl is speed
and k is frequency.
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The terms ~ snd %_ are identified as right- and
waves, respectively, propagating at the speed of sound

with flow, the right propagation velocity is c1 + Uav

propagation velocity is c1 - Uav; ~1 becomes

.
left-traveling
c1. For the case

ud the left

51 [(=Fkx
c1 + Uav-t)]+ f~(c,:uav+t)l

Expanding

x x=—
c1 -1-T-& c1 (1-%+ M02””” )

and

x x=e— (1+MO+M02+ . . .
c1 - ‘av c1 )

u
where MO = ~ = inlet Mach nuniber. Defining

c1

,

.,,

The general solutions may then be approximatedby

Therefore, for moderate Mach numbers the succeeding arguments for t

P~

‘av ~
apply equally well for t?. (Since ~ & % --& ~, the same t’ is

used in xy~x~L.)

For small perturbations that satisfy the boundary condition at
x = o, namely, El= O, the particular solutions may be written

.
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.

.

where B
1

is amplitude.

The following equations are

PI =

and

employed from

afl

‘1=~

where P, and V
1

are perturbation pressures

refere~ce 7:

(EL)

and velocities for this

region and it is noted that for a right-traveling wave

. and a left-traveling wave > (12)

Similar relations are derived for xf<x~L such that the boundary con-

dition at L is satisfied, again ~2 = O.

The boundary conditions at ~ state that

Let

.

(5)

(8)

- such that equation (5) becomes V2 = VI + af and equation (8) becomes
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()
PI

‘1-p2=pl ~-1 ‘av2+2pu 1 ava’

These equations are interpreted as follows. When al is zero,
waves lass through the flame zone with their velocity components unal-
tered. The pressure components in this case are then determinedly
relations (12).

When al is not zero, waves are generated at the flsme front trav-
eling
flame

and a

into the hot and cold gases. Th= net change h. velocity across the
holder caused by these waves is equal to

a? = ~r +
-1 ~ (13)

net change in pressure caused by these waves is equal to

2p1Uava1 = - plcla~ - p2c2q

-+ +or, solving for ar’ and al ,

where %=? = inlet Mach nuraberand

uP2C2—+2%
Plcl

a2’ ‘- a’
=

Pzcz
l-l——

P~c~

where %’ ‘d a2’ are the right- and

waves. The ratio of magnitudes of these

at

If this paraneter is

(14)

ar’ 1- 2M0 ~
.—=

P2C2
—+2Q
Plcl 4

:+2%
2

.

.

N

R
07

●

(15)
4

L-Tl
—+2%
T2

- af

[

(16)

‘11+ —

‘2

left-traveling flame-generated

waves is

1- 2M~

m
(17)

dominate; when it is less
greater than 1, the right-traveling wave will
than 1, the left-travelingwave will dominate.

.

.
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If the net effect is such that flame-generated waves are phased with the
corresponding right- and left-traveling components of the standing wave,
the flame will tend to drive the oscillation; whe~ they are 180° out of
phase, the flame will dsmp the oscillation. The net velocity vl causes

the disturbances in flame area. The phase lag of a’ behind VI where

maximum driving or damping occurs is therefore of interest.

For vl

where E is

But the

=- 2Bk sin kt sin ~/cl, let

a’=- ~ SiIl k(t-q)

a proportionality factor.

right-traveling component of v. is

O%q=-Bkcos k7-t . -~k s;~t -(:.+%)]

-
or for at to be in phase with VI,—

k
2Z=—
T

Similarly, for a’ to be in phase with ~,

O%viousQ, a’ can supply right sad left travelers simultaneously

b phase with ~ and 71 at xf = O or xf = ?/2 only. For anyvsLue

of Xf and Q, the relative ability to drive for a gives a’ is

[ )%~a,=c == COS k~slin— - %“sin k~cos _
l+R c1 c1



10

where

NACA TN 2772

11-2%.=-2% .

and for a’ccvl

L

where negative values of D imply d~ping, and D is driving effective-
ness. Maximum driving or damping occurs where

A plot of phAse lags for maximum driving and maximum damping, respec-
.

tively, p+ and g., in fractions of T as a function of Xf in
fractions of Al is given in figure 3 for values of ..

- 2%

fJ’&+ 2%=

In addition, the envelope of constant

1
2’ 1, and 2

Da!) Da, 03v’, and a few rep-

resentative values of Dat m v’ for a few arbitrary values of Cp me

plotted against ~.

for
h figure 4 relative driving effectiveness is plotted against ~
several values of ~.

The Miving criterion of Rayleigh, then, is for the case of

since for this condition, q+ requires heat release to occur when pres-

sure is a maximum.

The experiments Rayleigh correlated with this criterion were for low

M. and -’1.
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Other properties of
where maximum driving or
be

T

K!-

the resonating systen may be deduced. For ~
dsmp~ingOCCUS, the period of oscillation will

-!-
2(L - @

[03‘l”av‘2 1 - pzcz

or

2+ 2(L - Xf) @JPlT%

cJ1-1#) ‘cl(l-l#PJP2)

For q) other thsn ~+ or ~-, the flsme-generated waves will

alter the wave form sad the frequency. This frequency shift.is dependent
upon the depsrtu??eof q from 9+ and upon the ratio of the amplitudes

of’the flame-generated waves to the existing standing waves. For my
value of Q and for a’D~B, the frequency of resonsmce is

l-&n-v#
41c

sin k(cp+- cp)
f =

Zxf 2L-X

~
cl(l-~z}+c ~

(where D ismaximum. possible effectiveness at a given ~). Plots of

relative driving effectiveness smd relative frequency are shown h fig-
ure 5 plotted against ~. These plots apply for ~y flame-holder posi-
tion Xf and for any value of R.

~terpretation

Before the experimental investigation is discussed it might be
advisable ,togive a resume of the physicsl implications of the theory.

For the model considered, waves can pass through the flsme zone with
their velocity components unaltered, providing that the flame area
remains unchanged. For this case there is no drivhg or damping. If the
flame area cbages, the flame can drive or damp depending on the phase
lag between the gas velocity and flame-area perturbations and the magni-
tude of the area perturbation, as shown in fi~~e 3. Zhe driving
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effectiveness given in figure
=plitude each time it passes
amplitude exactly compensates
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.

3 gives an index to the increase in wave
through the flsme zone. If this increase h
the loss per cycle to notilsme damping, the .

system will resonate. If this increase is greater or less than that
required to compensate for losses the amplitude will increase or decrease,
respectively, until flame blow-out occus or an equilibrium is reached. ~

.,
%

It was assumed that the flame zone was short compared with the
quarter wavelength. In a duct it may be possible to excite the first
several modes of vibration without violating this assumption. ti this
case the region of interest is the half-wavelength segment between the
two pressure loops bracketing the flsme zone, and figure 3 applies to this
region.

The mode of vibration the flame will select to drive will probably
depend upon sound intensity and will probablybe the one for which the
ratio of flame amplification to duct dsmping is the greatest.

Brief mention should be made concerning the point at which a flame-
driven standing wave would give way to another type of oscillation. Ih
brief, the standing wave should exist where flsme simplificationand sub-
sequent attenuation per cycle is small. The point where this ceases to .
apply would be in the region where the attenuation at one end of the
resonating system is such that the strength of the reflected wave equals
the strength of the flsme-generatedwave alone. On the far side of this .

point, anticipated resonance is of a type having an acoustic length
either two or four times the length from flsme to reflecting end (as
opposed to attenuating end) and a frequency dependent upon this acoustic
length and upon the time lag between disturbance (velocity or pressure)
and resulting flsme-generatedwave.

EXPERIMENTAL INVESTIGATION

It was felt that far more control could be exerted in exsmining
e~erimentally the effect of a flame on a standing-wave system by meas-
uring the ability of the flame to dsmp an imposed standing wave than in
exanining spontaneous excitations. This was accom~lished with the fol-
lowing system:

Apparatus. - Ametered homogeneous mixture of propane ~d air was
fed to a l-inch-dianeterburner as shown in figure 6, through a variable-
area pintle-type nozzle. Standing waves in this burner were driven by a
piston speaker ttiough a high-impedance source tube (reference 8) at the
base of the burner. Sound level was measured in the burner base by two
flush-mounted button microphones. The flame holders employed (fig. 7)
could be positioned in a test section where desired. Auxiliary equipment
included a hot-wire anemometer, a stroboscope, a camera, and a photocell.

.

.
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Properties of system. - ‘TheRe~olds number in the test section was
about 500. The velocity profile with sound appeared to be a superposition

. of a potential-flow profile for the time-varying flow upon the steady
laminar flow (fig. 8) with no flame holder present. The time-varying
velocity at points across the test section is indicated by the numbered

N
1+ inserts, showing that near the walls flow reversal occurred. Placing a

R flae holder in the test section gave velocity profiles shown in fig-
ure9. A comparison of the time-varying compone~t with a computed (ref-
erence 9) two-dimensional potential flow in figure 10 shows that fair
agreement exists exeept for a boundsry layer. This boundary-layer thick-
ness seemed to decrease with an increase in Reymolds nunber of the steady
flow.

A variety of mui?flerswere examined sad one was selected having a
fairly consts& attenuation for the ftist four modes of vibration.

As the pressuzzedrop across the inlet orlificeincreased, the random
noise increased while the damp~kg coefficient of the burner decreased
until a pressure drop of 1.5 inches of mercury was reached. Above this
value, the noise continued to Thcrease but the damping coefficient
remained substantially constant.

.

.

A sample of the spontaneously excited frequencies found Th the tii-
tial e~loratory work is shown in figure 1-1. Here a 64-mesh-per-inch
screen was used as a flame holder. The efiaust end of the tube was
~~ernately open or masked by a ~late containing a l/16-inch-disraeter
orifice. With this arrangement, that mode of vibration was excited such
that the flame holder was upstream of a pressure loop, with the tube
acting as either a closed-closed (~/2) or closed-open (A/4) resonator.

Procedure. - Two indexes of @ping coefficient were employed (ref-
erene~he width of resonant peak, or the voltage required to &rive
the speaker for a constsmt sound intensity in the burner. The role of
the flame in dsnping the imposed oscillation was investigated by cor&ider-
ing the following variables: fuel-air ratio, inlet temperature, flame-
holder positioa, sound smplitude, and inlet velocity.

Effect of fuel-air ratio on danping. - The effect of fuel-air ratio
on damping is illustrated in figures 12 a) to 12(c), for the first fouzz
modes of vibration with all three flsme holders. The curves seem to be,
withti limits, symmetrical about the fuel-air ratio of ms.xd~ fl~e
speed, 0.07 (reference U.). That this would indicate a strong dependence
on flsme speed is not immediately evident since flame-speed studies (ref-
erences Il.and 12) show flame speeds as asymmetrical about a fuel-alir
ratio of 0.07.

However, these references do not agree on flame speeds for rich mix-
tures; reference 12 Tindicateshigher ad reference 11 lower values than
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those required for symmetry. A few check readings of photographs of
flames burning on the one-hole flame holder within the tube showed syfmne-
try about a fuel-air ratio of 0.07 and agreed moderately well with the .
reference lean values.

Ih figure 12(d) the voltage to speaker and the observed frequency at
m
R

resonance for the third mode of vibration are plotted against fuel-air W

ratio. For the tbree- and five-hole flsne holders, these data show good
agreement with figure 5 if fuel-air ratio is taken as an index of ~
such that Cp increases as flsme speed decreases.

This is interpreted to mesh that the phase lag of the flsme-area
change behind the velocity perturbation has a strong flame-speed depend-
ence. A comparison of figures 12(a), (b), and (c) indicates a strong
dependence on flsme-holder geometry.

Data show in figure 12 were taken in a steel test section. Some of
the heat transferred from flame to wsll downstrem of the flame holder
was conducted upstresm and thus preheated the combustible mixture. There-
fore, when these figures are compared with subsequent curves taken in

—

glass tubes, this preheating mustbe considered.

Effect of inlet temperature on dsmping. - The effect of fuel-air
.

ratio on damping is shown in figure 13 for various gas temperatures. T&
fuel-air ratio at which damping peaked for each temperature was such that
flame speed remained the sane.

.
E a/& is assumed proportional to

() 1
z

‘l/”s,v-J and sound intensity is assumed constant vl ccTl , then

1

A slight increase in the driving or the damping as temperature increases
would therefore be expected for a constant mass flow, as indicated in
figure 12.

Effect of flsme-holder position ou damping. - The effect of flame-
holder position y on damping coefficients for the third mode of vibra-
tion is-shown in figure 14. It has been shown from theoretical considera-
tions that the damping would be expected to de~end upon @avJ hence

vl, and upon the phase lag 9. For the third mode a marked peak is
*

obtained in the curve of dsmping against fuel-air ratio curve for each
position exeept at y = O. At y = O, the right-traveling velocity
wave will not be reflected, hence will not be able to drive or dsnp, and
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.

the left-traveling flame-generated wave will be weaker because of a
diminished momentum pressure drop. Zu the range from y = 2 to

Y = $ inches, the magnitude of flame dsmping increased and the fuel-air

ratio where maximum dsmping occurred shifted to~’srdthe fuel-air ratio
of maximum fkne speed. !phiseffeet would imply from theory that phase
lag diminishes for the third mode as flame speed increases, as is demons-
trated subsequently. Maximum dsmping would be expected to oecux at

Y= A/8 s 10 inches for this mode. The spontaneous excitation of a

higher harmonic at y>% inches precluded verification of this maximum

point .

Effect of sound s.mplitudeon damping. - Over the range of amplitude
exsmined (120 to 160 db), there was no perceptible change in the dsmping
characteristics of the flamef as long as the flsne remained seated. This
would indicate that the flame component of dsmping varied directly as the
disturbance velocity, that is, a/&v ~ vlfiav- tithemore, it would
imply that amplitude did not slter the phase lag. Too large an amplitude
would cause the flame to lift or flash back. Tests rum at amplitudes
that were not large compsred with the bac~ound Boise were 3mpossible to
interpret with the equipment employed. A nmiber of strsnge effects were
noted. For example, with a combustible mixture flowing through the tube,
a flame iguited at the open end would burn upstream to within an inch of
the flame holder and hover there, exciting spontsueously the first.mode
of vibration. tiposing the second- or third-mode frequency at a high
amplitude would cause the flsme to drop down to the flame holder, where
it would seat and burn quietly after removsl of the imposed vibration.

Effect of inlet velocity on dsmping. - Dsmping against fuel-air
ratio for different velocities is shown in figuxe 15 for the three-hole
flame holder. The magnitude of dsmping is seen to vary directly as

‘a~~ whereas the curve shape remains essentially unaltered. This is

interpreted as meaning the phase lag is essentially unaltered by flow
velocity.

m a/& were proportional.to ‘lDav~ =U
()“=%vav:-l

would remain constsat as lJav is vsried. The apparent increase in a’

with an increase in Uav is believed due in part to the Reynolds mmiber

effect of the steady flow upon the time-vsrying component of flow men-
tioned earlier. The term a/&v, then, is more nesxly proportional to

n
‘lhav ~ where n in this instsmce is slightly iess than unity.

—
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Flame area as a function of time. - Figure 16 shows sample photo-
graphs of periodically varying flames at different phases of velocity
for the first and third modes of vibration. Here the radial distortion
of the flzuueat the flame holder due to the radial component of the time-
va.ryingpotential flow is apparent in the photo~aphs of the third mode
of vibration. A particle of gas nesr the flame-holder rim is given a
radial momentum when it passes through the flame holder during outflow
which it never loses in the ensuing inflow part of the cycle. This
causes an apparent growth in the disturbance when the flame-propagation
rate is less th~ this outflow rate. Because of normal flame propaga-
tion, the flame eventually becomes sharply convex toward the burned gas ‘
at these outermost loci and then propagates at a rate that is locally
greater than normal laminsr flame speed. This gives the appearance of a
flame-front disturbance, the amplitude of which is reduced from this
height to the ti~. The rapid transition to cycloidal cusps in the flame
front appeared to be due solely to normal flame propagation in lean and
rich flames, and not to flame-front instability (references14 and 15). .
That the disturbances did not grow as they have been shown to do in tur-
bulent flames (references 13 and 16) would indicate that ?& az
observed here, is a lower limit.

The first-mode photographs gave evidence of a different flow field.
When the amplitude became suffieierrtlygreat, the flow appeared composed
of successive ring vortices detached from the flame holder sad disturbed
the flame in so doing. The transition from this vortex flow to the
potential flow of the third mode seemed to occur in the neighborhood of
200 cycles per second for the conditions studied.

Photographic sequences for the three-hole flame holder were taken
over a range of fuel-air ratios bracketing the fuel-air ratio where
damping maximized.

Damping for these sequences and the frequency variations are shown
in figure 17. F@ure 18 shows relative instantaneousflame areas of
these sequences plotted against degrees behind maximum velocity, giving
a measurable lag of flaae area, hence heat release, behti,dvelocity.
Maximum damping occurred at a fuel-air ratio of 0.0775.
for this fuel-air ratio is in the neighborhood of 130°.
phase lag which wouldbe predicted from the theory for

- 2M0

&+’% z 2“2

a,nd for q = 3~1/16, which seems to fit the conditions

sequence. In addition, the phase lag increased as flame
so that the frequency shift is as predicted in figure 5.

“me phase lag
This is the

imposed for this

speed decreased

.

N
tP

&

.

.



3F NACA TN 2772

.
For the three conditions

decreased with increasing Uf
.

decreased wi’chincreasing u-f
this devious coupling between

m obvious.J=

17

studied photographically, the phase lag
for the third

for the first

flame area and

mode, and increased, then

mode. No explanation for

velocity is immediately

the preceding examinations,
N
m

Summary of experimental results. - From
a fairly clear picture of the relati~n between an inlet velocity pertur-
bation and the resultant flame-area perturbation maybe obtained. For

the third mode and three-hole flame holder, for exsqle, the magnitude

of the area distw’barme +av is proportional to ‘l/”avn where n

is sli@tly less thsa unity lecause of a boundary-layer effect. ‘The

phase lag of %AV behind V1 depends only upon flame speed Uf and

not upon Vl; this phase lag increases with diminishltigflame speed.

‘Jiththese properties in mind, it is seen that the agreement with theory
is quite good. Disparity exists between theory derived herein and the

- z%
Rayleigh criterion when

V&- + 2M0
# 1. The shortcomings of the

Rayleigh criterion caa be verified by experiment: (1) by obtaining a.
measurable phase lag where maximum dsmping occurs; (2) by showing a
change in the apparent phase lag with ~; or (3) by a measured existence

. of
of

is

driving or damping at a velocity loop. The experimental verification
these three phenomena is discussed in the following paragraph.

b figure 18 ‘themeasured ~hase lag corresponding ‘m maximum drive
seen to he approximately 130°, which would correspond to

- 2%
=2.2 and Xf =%. According to the Rayleigh criterion,

& + zl

this phase lag couldbe only 90° in the region o~x,+l’. These data

are not wholly reliable since tiletime-varying velocity is deduced from
the flsme slope at the base and wodd not account for a lag in the jet
boundary. Subsequent checks made with a photocell and a hot-wire ane-
mometer coupled to a phase meter verified the lags obtained photo-
graphically.

A plot of volts to speaker as an index of damping against fuel-air
ratio as an index of phase
(fig. 14) shows a sh~~t in

.
consiste~t with the theory

lag for different flame-holder positions
the phase lag where damping maximizes that is

- 2%
for the case of >1 -d co~d

v;” +2%
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not be explained by the Raylei@ criterion. Finally, cases of the spon-
tsmeous excitation of the fundamental mode of the duct were recorded with
the flme seated at the open end of the duct.

CONCLUSIONS

The one-dimensional analysis seems an adequate e~lauation of the
mechanism whereby a flame drives or damps a standing wave. This mech-
anism is as follows: Waves pass though the flame front with their
velocity amplitude unaltered. When the net velocity causes a change in
flsme mea, waves are propagated simultaneously into the hot and cold
gases. When these fbme-generatedwaves sre phased with the existing
=omponents of
opposed, they

When the

the standing waves, they
dsmp.

1 - 2M0
parameter ,_

drive the

is unity

standing wave; when

(where M. is average

inlet Mach number and T./T. the temperature ratio across the flame
L’ G

zone), these waves are of equal ma~itude and the driving criterion is
that proposed by Rayleigh, nsmely, that for heat to drive a standing
wave, the heat input should maximize with time at a place where the pres-
sure in the standing wave varies and at a time when the pressure is near
its local maxhmm value.

The strength of the wave depends largely on the relative magnitude
of the disturbance of the flame area ‘a/Aav and the phase relation

between a~~v and perturbation velocity vl. The magaitude of aOav

was found to depend upon V1 and average flow velocity in the cold gas

uav and in most cases varied directly as ‘l/”av” The existence of

radial flow in the time-varying component of the flow through the flame
holders caused a greater perturbation than would be anticipated in one-
dimensional flow. The phasing of a/A with vl was found to depend

prtiarily on fla.uespeed and, for the conditions studied, appeered
independent of the ma~itude of ‘~fla~- b most cases, the phase lag

of a/Aav behind vl/Uav increased as the flame speed decreased.

.

.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, May 13, 1952
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APPENDIX - SYMBOLS

are used b this report:

area, sq ft

flame area, sq ft

area, sq ft

4“-%.

left-traveling component of flame-generated wave, ft/sec

right-traveling component of flame-generated wave, ft/sec

~~it’~de of one coqonent of a st=ding wave, ft

velocity of’sound, ft[see

d22ivingeffectiveness} dimensionless

voltage required to drive speaker, volts

arbitrary fumctions

gravitational constant, ft[secz

frequency = 2x/’r,radians/see

distance between pressure loops

uav
— = inlet Mach number
c1

integer 1, 2, . . .

instantaneous static pressure “=

average static pressure, lb/sq ft

static pressure of standing wave, lb~sq ft
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temperature

time, see

a~erage flow velocity in cold gas, ft/sec

normal laminar flame speed, ft/sec

volume

volume within flsme zone at temperature 1, cu ft

volume of cold gas enveloped by flsme, cu ft

volume within flame zone at temperature 2, cu ft

perturbation velocity, ft/sec

dist=ce in direction

flsme-holder position

flame-holder position

of flow from pressure loop, ft or in.

measured from pressure loop, ft or in.

measured from exhaust end, ft or in.

ratio of specific heats, cp/cv

wave length, ft

TC1, ft

TC2, ft

displacement of particle in wave, ft

average density, slugs/cu f%

period, sec

phase lag of a behind VI, sec
.
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‘T+ phase lag for maximum

~_ phase lag for msximw

Subscripts:

21

drive, see

demping, see

1

2

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

1

inlet to flame zone

outlet to flame zone
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Figure 3. - Phase-lag requirements for maxi-
mum effectiveness.
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Figure 3. - Continued. Pkase-lag requirements
for maximum effectiveness.
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Figure 3. - Concluded. Phase-lag requirements
for maximum effectiveness.
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Radius, in.

Figure 9. - Velocityprofilesmeasure~l/16 inch downstreamof one-
hole flame holderplaced 4 inchesfrom exhaustat 55 cyclesper
second.
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(b) Three-hole flame holder.
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quired to drive burner d. 123.2-decibel sound
level & resonance for first faux ties of ti-
bration. Flame-holder position masured h
exhaust end y, 4 inches; averege Km? velocity
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Figure 12. - Concluded. Voltage to speaker required to
drive burner at 123.2-decibel sound level at resonance
for first four mcdes of vibration. Flame-holder posi–
tion measured from exhaust end y, 4 inches; average
flo~ velOcity Uav, 1.51 feet per secon3..
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Figure 16. - Sequenceof flame shapaefor one cycle at intervalsof 45°. The increaOeB
cLookwise.
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F@ure 16. - Continued. Sequenoe of flame shapes for one cycle a+ intervals of 45°. The
increases clockwise.
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Figure 16. - Ccdtiued. Sequence 02 flame shapesfor one cycle a% intemls of 45°. Tim
increasesclockwise.
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(e)Frequency,55 cyclesper se~ofi;Toltage,12.9 volts; velocity,1.378feet per second;
fuel-airrdio, 0.0900

Figure 16, - Concluded. Sequence of fkme shapes for one ~ycle at intervals of 45°. Time
increases clockwise.
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